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Abstract
The study of the G-mode pressure coefficients of carbon nanotubes, reflecting the
stiff sp2 bond pressure dependence, is essential to the understanding of their extraordi-
nary mechanical properties as well as fundamental mechanics. However, it is hindered
by the availability of carbon nanotubes samples only as bundles or isolated with surfac-
tants. Octadecylamine functionalized carbon nanotubes are mostly of a single diameter
and can be stably dispersed in 1, 2-dichloroethane and chloroform without surfactants.
Here we perform high pressure Raman spectroscopy on these tubes and obtain their
experimental G-mode pressure coefficients for individual tubes and bundles. The G+
pressure coefficient for bundles is only about half of that for individual tubes in 1, 2-
dichloroethane and is about two-thirds in chloroform. The G− pressure coefficient for
bundles is about one-third of G+ in 1, 2-dichloroethane and about the same in chlo-
roform. These results for the first time provide unambiguous experimental evidence of
the significant effect of bundling on carbon nanotubes’ G-mode pressure coefficients,
identifying it as one of the major reasons for the lack of consensus on what the values
should be in the literature.
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Introduction
Carbon nanotubes (CNTs) are known for their extraordinary mechanical properties. In par-
ticular, their exceptionally high Young’s moduli in the terapascal range, resulting from the
in-plane sp2 bond between the carbon atoms, make CNTs the stiffest materials yet discov-
ered.1 To study and understand the huge resistance to compression, relating to the pressure
dependence of the covalent sp2 bond, Venkateswaran et al. performed the first Raman spec-
troscopy experiment on CNTs under high pressure and got the pressure coefficients of their
in-plane vibrational modes G-mode (GM) in 1999.2 If not specified, GM refers to the domi-
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nant G+ mode, vibrating along the tube axis, rather than the G− perpendicular to axis. The
upshifts of CNTs GM frequencies with pressure are believed to be mostly induced by the sp2
bond stiffening, as in the cases of graphite3 and graphene.4 Therefore, it is reasonable to con-
sider that the GM pressure coefficients should be similar for graphite, graphene and CNTs.
However, possibly due to environmental effects, the GM pressure coefficients of graphene
vary in different conditions.4,5 And similarly CNTs have a wide range of values, reported
by different research groups over the past 15 years.2,6–13 Ghandour et al. attributed the
disparity to the tube diameter and explained the diameter dependence of the GM pressure
coefficients with a thick-wall tube model .14 Such diameter dependence is expected, although
the model itself is not perfect, requiring a lower graphene GM pressure coefficient than ex-
perimental value, and not taking recently reported chirality effects into account.15 Instead
of measuring tubes of mixed diameters, Raman measurements now preferably involve tubes
of a single diameter, which is mainly done in two ways: using resonance-enhanced Raman
spectroscopy (RRS), which in principle requires a wavelength tunable laser or using CNTs
samples of a single diameter.
Most such experiments, as mentioned above, obtained different GM pressure coefficients
from each other on mixed diameters samples at certain laser excitation wavelength in vari-
ous pressure transmitting media (PTM), as shown in Figure 1.2,6–12 These are examples of
close-ended tubes. The results are scattered by the laser excitation wavelengths, the PTM
(identified by symbols — square for 4:1 methanol-ethanol, circle for hexane, up triangle for
1:1 water-methanol, down triangle for liquid argon, diamond for 1-butanol, cross for ethanol,
horizontal bar for methanol, vertical bar for 5:4:1 water-methanol-ethanol, left triangle for
water, right triangle for 16:3:1 ethanol-methanol-water, solid square for argon and star for
individual tubes dispersed by surfactants), and the CNTs samples (The synthesis methods
are labeled by colours — black for arc discharge method (tube diameter: 1.2–1.6 nm), blue
for high pressure catalytic decomposition of carbon monoxide (0.8–1.2 nm), dark yellow for
pulsed-laser vaporization process (1.22–1.36 nm) and gray for a not specified method (1.3±0.2
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nm)). The disparity is because a certain combination of environment (PTM, bundling and
surfactants) and excitation wavelength picks out tubes of a certain diameter.14 A recent
advance has been made in that experiments on CNTs in water enable the assignment of the
observed GM pressure coefficients to tubes of particular chiralities (See Figure 1).14
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Figure 1: The GM pressure coefficients of SWCNTs reported in previous literature are plotted
against the laser excitation wavelengths, at which they were obtained. Symbols identify the
PTM used. The stars are for the individual tubes dispersed by surfactants. Colours are for
the synthesis methods of the samples. Three points are labelled with specific chiralities, to
which they are assigned.
As well as intrinsic effects such as diameter and chirality, the pressure dependence of
the GM can be affected by exogenous effects, such as bundling, due to the van der Waals
interaction between the tubes within a bundle. CNTs tend to form bundles.16 Moreover,
bundling effects on the GM pressure coefficient of the tube picked out by RRS may vary
with parameters such as the diameters of the surrounding tubes — one may speculate that a
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tube surrounded by four large tubes would experience a lower pressure than one surrounded
by eight small tubes, the bundling configuration (tangled, etc) and the degree of bundling,
which is affected by the sample concentration but cannot be precisely controlled.
On the other hand, surfactants stably disperse CNTs, which allows to exclude the bundling
effects and their uncertainties, but possibly introduces surfactant effects (van der Waals in-
teraction between the ambipolar surfactant molecules and CNTs). Researchers compared
the GM shift rates of individual tubes to the ones of bundles.6,12 Again, in literature most
research on tubes individualised by surfactants were done on samples of mixed diameters
and reported varied values of GM pressure coefficients (see Figure 1).
Functionalized CNTs provide an alternative approach to study the GM pressure depen-
dence, excluding both the diameter effects and the strong van der Waals interaction between
tubes or between tube and surfactants, and that is the approach we use here, with octade-
cylamine (ODA) functionalized tubes. The functional groups are expected to keep the tubes
apart in solution and deter bundling, by steric hindrance, while having themselves much less
effect on the tubes than surfactant molecules since they are bonded to only one carbon in the
order of a hundred. Venkateswaran et al. first studied the pressure response of ODA func-
tionalized tubes in 2001.9 However, they used ODA tubes in solid (powder) form, which are
still bundles (albeit small bundles). No further pressure experiments have been reported on
ODA tubes since then. Here we carry out a complete and systematic study, clearly exposing
the advantages and disadvantages of using such tubes.
The typical bundle diameter of the solid form of ODA functionalized tubes is 2–8 nm while
the length is 0.5–1 µm, which Donovan et al. considered to be a very low degree of bundling.17
They can be stably dispersed in certain organic solvents, such as 1,2-dichloroethane (DCE)
and chloroform, without the aid of surfactants. In fact, sonication disperses even non-
functionalized single-walled carbon nanotubes (SWCNTs) in DCE (this can be imaged by
STM techniques18), but the tubes form bundles again on the timescale of Raman measure-
ments under pressure.18 The steric hindrance caused by the functional group coverage of
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SWCNTs between 1.8 and 3.2 ODA chains per nanometre stabilizes the suspension.19 It
must be noted that as a result of acid treatment during the ODA functionalization, the caps
at the end of tubes are removed20 and this raises the issue, whether the PTM can enter
freely into the tubes. The density of states is largely disrupted21 and therefore no resonance
condition applies. This has the advantage that the contribution of CNTs in a given sample
to the Raman spectrum is independent of the laser excitation wavelength.
It would be outside the scope of the work reported here to provide a clear answer to what
the GM pressure coefficients should be, out of the various values reported in the literature.
However, these experiments do present unambiguous experimental evidence, for the signif-
icant contribution that bundling alone makes to the pressure coefficients, by comparisons
between tubes individualized without surfactants and bundles in DCE and chloroform.
Experimental Methods
The ODA functionalized tubes were used as purchased from Carbon Solutions, who syn-
thesized them by the arc discharge method, and functionalized them with ODA following
a nitric acid treatment.21 The manufacturer specifies that the carbonaceous purity is over
90%, in which SWCNTs loading is 65%±15%, determined by solution-phase near-IR spec-
troscopy.22 When first synthesising ODA tubes by this route, Chen et al. reported a single
radial breathing mode (RBM) Raman peak at 170 cm−1 in CS2, at 1064 nm excitation wave-
length,21 indicating that they are of a single diameter 1.41 nm, according to the commonly
used relation.23
d =
215
ωRBM − 18 (1)
We prepared four samples of ODA functionalized CNTs— bundled SWCNTs (b-SWCNTs)
and individual SWCNTs (i-SWCNTs) in DCE, b-SWCNTs and i-SWCNTs in chloroform, fol-
lowing the recipe (sonication time, power, etc.), which Donovan et al. used in their study.17,19
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The dispersion was tested by the dichroism17 and viscosity of the solution,19 determined by
polarizability, thus sensitive to the bundled or individualized status. The concentrations of
the samples were 1×10−4 wt% for b-SWCNTs in DCE, 1×10−6 wt% for i-SWCNTs in DCE,
1.5×10−4 wt% for b-SWCNTs in chloroform and 1×10−6 wt% for i-SWCNTs in chloroform.
Room temperature non-polarized Raman spectra of the samples were obtained in the
backscattering geometry with a Horiba T64000 Raman system with a confocal microscope
that had a resolution of 0.6 cm−1, a single 1800 grooves/mm grating and a 100-µm slit, and
was equipped with a liquid N2-cooled CCD detector (Jobin-Yvon Symphony). Suitable edge
filters for the 488 nm, 514 nm and 647 nm lines of a Coherent Innova Spectrum 70C Ar+-Kr+
laser could be used with the system. We kept the laser power on the sample below 5 mW to
avoid significant laser-heating effects on the probed material and the concomitant softening
of the Raman peaks.
For the high pressure experiments, we used a membrane diamond anvil cell with anvils of
500 µm culet size and very low fluorescence (Type IIa). The ruby luminescence R1 line was
used for pressure calibration.24 For the Raman spectroscopy, we used a 20× objective on the
b-SWCNTs, i-SWCNTs in DCE and i-SWCNTs in chloroform in the pressure cell and a 40×
objective on b-SWCNTs in chloroform. We set the pinhole size in confocal configuration at
200 µm. These settings were found to give the best quality spectra. The four samples were
separately loaded into the cells in four separate experiments. After loading the samples into
cells with a small pressure applied to prevent the solvent from evaporating, initial RBM and
GM spectra of all the samples under 488, 514 and 647 nm excitation were obtained. Then the
Raman was measured at higher pressures under 488 nm excitation for b-SWCNTs in DCE
and b-SWCNTs in chloroform, and under 514 nm excitation for i-SWCNTs in DCE and
i-SWCNTs in chloroform. In all cases, the signal-to-noise ratio of the GM spectra decreased
with pressure and therefore this study is in a low pressure range, well below 10 GPa, which
is the reported experimental collapse pressure of CNTs of diameters similar to those used
here.25,26
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Unlike previous studies on the GM pressure coefficients of CNTs, we use DCE and chlo-
roform as PTM in this work.2,6–12 DCE solidifies at 0.6 GPa27 and chloroform between
0.60–0.79 GPa.28 To check for non-hydrostatic conditions, we observed the R1 wavelength
from two different ruby chips in the cell. Typical values were 694.66 and 694.67 nm at
1.20/1.24 GPa, 694.86 and 694.87 at 1.74/1.76 GPa for b-SWCNTs in chloroform, after ob-
serving the solvent solidification. The corresponding errors in pressure are 3.3% and 1.1%,
showing acceptable hydrostaticity in this high pressure study.
Results and Discussion
Results
Figure 2 shows the raw RBM spectra of the dry sample on a glass slide and four prepared
samples in cells. The spectra are vertically shifted for clarity to compare the spectra of
i-SWCNTs to b-SWCNTs.
Following the literature, we assign the peaks at 268, 302 and 414 cm−1 to DCE27 and
the peaks at 251 and 368 cm−1 to chloroform.29,30 For the CNTs, the fitted RBM frequencies
(Lorentzian fit) of the dry sample are at 164.9 and 179.5 cm−1, and correspond to tubes of
diameters 1.46 and 1.33 nm, according to Eq. 1. The ratio of the peaks’ integrated area is
9.85:1, former to latter. The smaller RBM peak cannot be detected for samples loaded into
diamond-anvil cells as the absorption by diamonds weakens the signal. For i-SWCNTs which
are at an order of magnitude lower concentration than b-SWCNTs, even the main peak is
no longer detectable.
Figure 3 shows the raw D, G and 2D-band spectra of the dry sample on a glass slide. A
clear single G− peak at 1565.9 cm−1 can be observed. The defectiveness of the tubes can
be judged by the peak intensity ratio of the G to D-band features IG/ID=46.33. This may
be compared with the values given by Brown et al. for non-functionalized SWCNTs of a
diameter distribution, varying from about 2 to 30.31 The low implied defectiveness is not
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Figure 2: The RBM spectra of ODA functionalized tubes are shown for (a) dry samples on a
glass slide, (b) b-SWCNTs (black) and i-SWCNTs (red) in DCE and (c) b-SWCNTs (black)
and i-SWCNTs (red) in chloroform. In (b) and (c) the spectra are vertically shifted for clarity.
The Raman peaks from the solvent are labelled. Laser excitation wavelengths are 488 nm
for b-SWCNTs in DCE and b-SWCNTs in chloroform, and 514 nm for i-SWCNTs in DCE
and i-SWCNTs in chloroform. Raman shifts do not vary with the excitation wavelength.
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unexpected given that the coverage of the functional groups is between 1.8 and 3.2 ODA
chains per nanometre (approximately per 150 carbon atoms). Thus we consider that the GM
and RBM of these tubes are representative of the unperturbed (non-functionalised) tubes.
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Figure 3: The D, G and 2D band of ODA functionalized tubes are shown for dry samples
on a glass slide. The laser excitation wavelength is 514 nm.
Before presenting the data, we should point out that the signal to noise ratio of the
Raman spectra presented here is low, for two reasons. Firstly, the Raman experiments are
performed under non-resonance conditions as the density of states of these tubes is largely
disrupted and thus the peak intensities are up to 6 orders of magnitude lower than those
under resonance conditions. Secondly, extremely low samples concentration are used, which
is necessary for the stability of the dispersions.
We need to consider the effect of concentration on CNTs GM pressure coefficients, as
i-SWCNTs and b-SWCNTs, which we are going to compare, are of different concentrations.
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Figure 4 presents the GM spectra obtained in high pressure measurements on b-SWCNTs
in chloroform, from two different spots — one in a dark area, which is richer in bundles,
making it observable under microscope, and the other in a transparent area, which is less
concentrated. We label the GM spectra as concentrated bundles and diluted bundles. The
baselines are subtracted, and then the spectra are vertically shifted, proportional to pressure.
Importantly, figure 4 shows that the GM frequencies are nearly unaffected by the sample
concentration and therefore it is reasonable to consider that the GM pressure coefficients are
independent of the sample concentration in the low pressure range in this study.
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Figure 4: GM spectra of b-SWCNTs in chloroform are collected from the dark area (black)
and the transparent area (blue). The spectra are vertically shifted, proportional to pressure.
The pressures, under which the spectra are obtained, are labelled. The laser excitation
wavelength is 488 nm.
Figure 5 exhibits the GM spectra of b-SWCNTs and i-SWCNTs at similar pressure points.
For b-SWCNTs in chloroform, the spectra are those of concentrated bundles in Figure 4. For
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i-SWCNTs in DCE and chloroform, the Raman intensities are multiplied by a factor 200, in
order to get clear comparisons to the b-SWCNTs. The baselines are subtracted, and then
the spectra are shifted vertically, proportional to pressure. The narrow peak at 1554.4 cm−1
in the GM spectrum of i-SWCNTs in DCE is assigned to an oxygen vibrational Raman peak
from the air between the microscope and the cell. The identification of the atmospheric O2
peak is clear as the peak does not shift with pressure and its Raman frequency corresponds
to the O2 frequency.32–35 It is on top of a wide peak, which might be from carbonaceous
impurities in the samples. The GM peak is right next to the wide peak and the signal to
noise ratio is low. The ratio looks rather lower in the presented spectra than it is, due to the
wide range of the y-axes in Figure 5 (a) and (b). The y-axis zoomed-in spectra of b-SWCNTs
in DCE at 2.44 GPa, i-SWCNTs in DCE at 2.12 GPa, b-SWCNTs in chloroform at 2.28 GPa
and i-SWCNTs in chloroform at 1.18 GPa are shown in Figure 5 (c). These four spectra are
selected as examples because they are of the lowest signal to noise ratio among the spectra
which we will use to obtain the GM pressure coefficients for each samples. The spectrum
of i-SWCNTs in chloroform at 1.18 GPa is smoothed by adjacent-averaging to improve the
visualization of the GM. The points of window are set at 40, so that no information from
the original spectrum is lost – the criteria is that the difference of the fitted GM frequencies
from the original and smoothed spectra is within the resolution of the system. Remarkably,
the GM intensities of i-SWCNTs are extremely low – about 0.5 cps in DCE (400 s to collect
and accumulating twice) and 0.1 cps in chloroform (900 s to collect and accumulating twice).
The Lorentzian fits for the four spectra are shown in yellow lines and the details of the fitting
will be discussed in the following part.
We fit the GM spectra of i-SWCNTs in DCE and chloroform in Figure 5 each with a
single Lorentzian and the GM spectra of b-SWCNTs in DCE and chloroform in Figure 5
each with two Lorentzians (except b-SWCNTs in chloroform at 2.28 GPa). In the latter case
these correspond to the G+ and G− peaks, which are initially well separated but cannot be
told apart with increased pressure. We fix the integrated area ratio of G+ to G− at the value
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Figure 5: The GM spectra of i-SWCNTs (blue) and concentrated b-SWCNTs (black) are
shown in (a) DCE and (b) chloroform. For i-SWCNTs the Raman intensities are multiplied
by 200. The spectra are vertically shifted, proportional to pressure. The pressures, under
which the spectra are obtained, are labelled in the colours corresponding b-SWCNTs (black)
or i-SWCNTs (blue). The oxygen vibrational Raman peaks are labelled. The laser excitation
wavelength is 488 nm for b-SWCNTs in DCE and b-SWCNTs in chloroform, and 514 nm
for i-SWCNTs in DCE and i-SWCNTs in chloroform. Raman shifts do not vary with the
excitation wavelength. In (c), four labelled spectra and the Lorentzian fits are shown as
examples, as they are of the lowest signal to noise ratio among the spectra which will be
used to extract the GM pressure coefficients for each samples. The spectrum of i-SWCNTs
in chloroform at 1.18 GPa is smoothed.
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obtained by free fitting at the first pressure point (0.44 GPa in DCE for example) during the
whole fitting, to avoid unphysical fitting results such as a larger G− than G+ peak. This may
happen when all the fitting parameters of the two Lorentzians are released. Figure 6 shows
that these two fitting procedures lead to different GM frequencies of b-SWCNTs in DCE.
The difference is mainly in the uncertain frequencies of the weak G− peak — the incorrect
intensity ratios shift particularly the weaker peak towards the position of the stronger peak.
We plot the GM frequencies, obtained by fixing the integrated area ratio, of all the samples
against pressure with error bars in Figure 7. Linear least square fits are shown, excluding the
points of b-SWCNTs in DCE at 3.23 GPa, for the similar pressure range to that of i-SWCNTs
in the same solvent and the point of i-SWCNTs in DCE at 0.63 GPa as an abnormal point,
which is exactly at the DCE solidification point. The excluded data points are labelled green.
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Figure 6: The GM frequencies of b-SWCNTs in DCE are plotted against pressure. The
frequencies are obtained by fixing the integrated area ratio of G+ to G− at the free fitting
value at 0.44 GPa (black), and by releasing all the fitting parameters of the two Lorentzians
(blue). The squares are for G+ and the circles are for G−. Where they exceed the size of
the data points, error bars are shown.
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Figure 7: The GM frequencies of all the samples are plotted against pressure. The colour
black is for G+ frequencies of b-SWCNTs, red is for G− of b-SWCNTs and blue is for G+ of
i-SWCNTs. The squares are for samples in DCE and the circles are for chloroform. Error
bars are shown, where they exceed the size of the points. The linear fits are presented as solid
lines for DCE and dashed lines for chloroform. The fits exclude the points for b-SWCNTs
in DCE at 3.23 GPa and i-SWCNTs in DCE at 0.63 GPa, which are labelled green.
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The reliability of the obtained GM frequencies can be seen from Figure 5 (c). It can
be further validated by Figure 8, where we plot the GM width of all the samples against
pressure. We expect the GM width to evolve systematically with pressure and therefore
an absurd value of the GM width might indicate that the corresponding GM frequency is
questionable. The points in Figure 8 are all of reasonable values except the second point of
i-SWCNTs in DCE, which is excluded in the extraction of the GM pressure coefficient as
being exactly at the DCE solidification point.
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Figure 8: The GM width of all the samples are plotted against pressure. The colour black
is for G+ and blue is for G−. The squares are for samples in DCE and the circles are for
chloroform. Error bars are shown, where they exceed the size of the points.
We present the GM pressure coefficients in Table 1 from the linear fit in Figure 7. The
errors are from the linear fit, the Lorentzian fit for the peak position and the system resolu-
tion.
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Figure 7 and Table 1 present the key result that the G+ pressure coefficient for bundles
is only about half of that for individual CNTs in DCE and is about two-thirds in chloroform.
For bundles, the G− pressure coefficient is about one-third of G+ in DCE and about the
same in chloroform.
Table 1: GM pressure coefficients for all measured samples
GM pressure coefficients (cm−1GPa−1) G+ G−
b-SWCNTs in DCE 6.6±0.7 2.0±0.1
i-SWCNTs in DCE 13.8±0.6
b-SWCNTs in chloroform 7.1±0.3 6.7±0.7
i-SWCNTs in chloroform 10.2±1.3
Discussion
According to the results we can underline the following features. First, the pressure depen-
dence of the GM of SWCNTs presumably determined by the hardening of sp2 bond, is in
contrast with the well-known solvent (see Figure 1) and surfactant effects,36 and the bundling
effect reported here. These remain unexplained in contrast to the pressure screening effects in
double-walled carbon nanotubes (DWCNTs)37–39 and triple-walled carbon nanotubes (TWC-
NTs).40 The pressure dependence of the GM is quite unlike that of the RBM, which is due
to the decrease of the distance between tube shell and the absorbed fluid layer and therefore
unsurprisingly sensitive to the environment.41–43 The frequency of the GM is also unlike that
of the 2D-mode, which is more sensitive to solvent than pressure.13 The origin of the solvent,
surfactant and bundling effects on the GM pressure coefficients may be closely linked to the
pi-electrons behaviour under pressure.44–46 Second, according to the thick-wall tube model ,14
the G+ and G− pressure coefficients of 1.46 nm tubes should be 6.0 and 8.0 cm−1GPa−1
respectively. The model is based on individual tubes but the G+ values of i-SWCNTs are
much higher than the predicted ones. The G+ values of b-SWCNTs agree with the model
well, as the previous work on bundles.14 Third, the tangential stress is always larger than the
axial stress for a tube under hydrostatic pressure. The pressure coefficient of the vibrational
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mode along tube circumference (G−) should therefore be always larger than the one along
tube axis (G+). This is again against our observations in DCE. And fourth, considering
that the end of the tubes has been removed, the solvents might be expected to enter inside
the tubes. If the internal pressure (pressure of the solvent inside the tube) is at a value
between 0 and the external pressure, the pressure coefficients for both G+ and G− should lie
between the graphene value and the thick-wall tube model predictions. Results of i-SWCNTs
in Table 1 are out of this range. The normal way to judge whether tubes are solvent-filled
by the shift of RBM frequency47 is not possible in this case, because no close-ended ODA
functionalized CNTs are available for comparison (the caps are removed during the ODA
functionalisation).
ODA functionalized CNTs, as samples to study the CNTs GM pressure coefficients, have
the following advantages. First, given that they are mostly of a single diameter and their
density of states is largely disrupted, the contributions to the RBM and GM signals from
tubes of different diameters may be taken proportional to their contents in samples, regardless
of the laser excitation. In Figure 2, we obtained the RBM integrated area ratio of 1.46 nm
to 1.33 nm tubes at 9.85 to 1. The G+ signal is contributed by 1.46 and 1.33 nm tubes, and
in the absence of resonance, also with a ratio of 9.85 to 1. It is reasonable to attribute the
GM pressure coefficients in Table 1 to 1.46 nm tubes only. Second, the ODA side chains
offer the steric hindrance and therefore provide us with SWCNTs samples stably dispersed
without the aid of surfactants. This is the main reason we use ODA CNTs in this study.
There is a related disadvantage, namely the limited choices of PTM consistence with dis-
persion. DCE and chloroform are effective in dispersing CNTs samples but are not considered
as good PTMs because of their low solidification pressures.
In order to exclude the inter-tube or tube-surfactant van der Waals interaction, we in-
troduce the side chains. The ODA coverage between 1.8 and 3.2 chains per 150 carbon
atoms may be high from the point of view of chemistry, but it is too low to have an effect
on the pressure dependence of the in-plane vibrational frequencies. The upshift of the GM
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frequency with pressure is induced by the increasing overlap of electrons of carbon atoms. In
the case of bundles or surfactants, each carbon atom is under the influence and the behaviour
of its electrons are affected, as shown in this work, while in the case of ODA tubes, electrons
of most carbon atoms are not affected by the sp3 defects (1.8–3.2 sp3s in 150 sp2s). Thus
its effect on the pressure coefficient should be small, certainly not comparable to the effects
of bundles or surfactants. Therefore, the experimental data of ODA functionalized tubes
presented here can be meaningfully compared to the theories of the in-plane bond response
to pressure in pristine SWCNTs.
Conclusion
It is demonstrated that bundling changes the GM pressure coefficients of CNTs very signif-
icantly — the G+ pressure coefficient for bundles is only about half of that for individual
CNTs in DCE and is about two-thirds in chloroform. Solvents also have effects on the pres-
sure coefficients, weaker than bundling though. The use of ODA functionalized CNTs rules
out the effects of surfactants in the study of the effects of bundling for the first time.
Acknowledgement
The authors thank Prof. Alfonso San Miguel from University Lyon 1 for useful discussion on
the way to present the experimental results. YWS thanks the Chinese Scholarship Council
(CSC) (Grant No. 2011610027) for financial support and IH thanks the EU-P7 Marie-Curie
Programme (CIG 303535).
References
(1) Treacy, M. M. J.; Ebbesen, T. W.; Gibson, J. M. Exceptionally High Young’s Modulus
Observed for Individual Carbon Nanotubes. Nature 1996, 381, 678–680.
(2) Venkateswaran, U. D.; Rao, A. M.; Richter, E.; Menon, M.; Rinzler, A.; Smalley, R. E.;
19
Eklund, P. C. Probing the Single-Wall Carbon Nanotube Bundle: Raman Scattering
Under High Pressure. Phys. Rev. B 1999, 59, 10928.
(3) Hanfland, M.; Beister, H.; Syassen, K. Graphite Under Pressure: Equation of State and
First-Order Raman Modes. Phys. Rev. B 1989, 39, 12598.
(4) Proctor, J. E.; Gregoryanz, E.; Novoselov, K. S.; Lotya, M.; Coleman, J. N.; Hal-
sall, M. P. High-Pressure Raman Spectroscopy of Graphene. Phys. Rev. B 2009, 80,
073408.
(5) Nicolle, J.; Machon, D.; Poncharal, P.; Pierre-Louis, O.; San-Miguel, A. Pressure-
Mediated Doping in Graphene. Nano Lett. 2011, 11, 3564–3568.
(6) Christofilos, D.; Arvanitidis, J.; Andrikopoulos, K. S.; Kourouklis, G. A.; Ves, S.;
Takenobu, T.; Iwasa, Y. Comparative High Pressure Raman Study of Individual and
Bundled Single-Wall Carbon Nanotubes. Phys. Status Solidi B 2007, 244, 100–104.
(7) Christofilos, D.; Arvanitidis, J.; Tzampazis, C.; Papagelis, K.; Takenobu, T.; Iwasa, Y.;
Kataura, H.; Lioutas, C.; Ves, S.; Kourouklis, G. A. Raman Study of Metallic Carbon
Nanotubes at Elevated Pressure. Diamond Relat. Mater. 2005, 15, 1075–1079.
(8) Ghandour, A. J.; Dunstan, D. J.; Sapelkin, A. Raman G-Mode of Single-Wall Carbon
Nanotube Bundles Under Pressure. J. Raman Spectrosc. 2011, 42, 1611–1613.
(9) Venkateswaran, U.; Brandsen, E.; Schlecht, U.; Rao, A.; Richter, E.; Loa, I.;
Syassen, K.; Eklund, P. High Pressure Studies of the Raman-Active Phonons in Carbon
Nanotubes. Phys. Status Solidi B 2001, 223, 225–236.
(10) Proctor, J. E.; Halsall, M. P.; Ghandour, A.; Dunstan, D. J. High Pressure Raman
Spectroscopy of Single-Walled Carbon Nanotubes: Effect of Chemical Environment
on Individual Nanotubes and the Nanotube Bundle. J. Phys. Chem. Solids 2006, 67,
2468–2472.
20
(11) Thomsen, C.; Reich, S.; Jantoljak, H.; Loa, I.; Syassen, K.; Burghard, M.; Dues-
berg, G. S.; Roth, S. Raman Spectroscopy on Single- and Multi-Walled Nanotubes
Under High Pressure. Appl. Phys. A Mater. Sci. Process 1999, 69, 309–312.
(12) Lebedkin, S.; Arnold, K.; Kiowski, O.; Hennrich, F.; Kappes, M. M. Raman Study of
Individually Dispersed Single-Walled Carbon Nanotubes Under Pressure. Phys. Rev. B
2006, 73, 094109.
(13) Wood, J. R.; Frogley, M. D.; Meurs, E. R.; Prins, A. D.; Peijs, T.; Dunstan, D. J.;
Wagner, H. D. Mechanical Response of Carbon Nanotubes Under Molecular and Macro-
scopic Pressures. J. Phys. Chem. B 1999, 103, 10388–10392.
(14) Ghandour, A. J.; Crowe, I. F.; Proctor, J. E.; Sun, Y. W.; Halsall, M. P.; Hernandez, I.;
Sapelkin, A.; Dunstan, D. J. Pressure Coefficients of Raman Modes of Carbon Nan-
otubes Resolved by Chirality: Environmental Effect on Graphene Sheet. Phys. Rev. B
2013, 87, 085416.
(15) Sun, Y. W.; Hernandez, I.; Ghandour, A. J.; Rice, C.; Crowe, I. F.; Halsall, M. P.;
Sapelkin, A.; Gonzalez, J.; Rodriguez, F.; Dunstan, D. Resonance Raman Spectroscopy
of Carbon Nanotubes: Pressure Effects on G-Mode. High Pressure Res. 2014, 34, 191–
197.
(16) Bandow, S.; Asaka, S.; Saito, Y.; Rao, A. M.; Grigorian, L.; Richter, E.; Eklund, P. C.
Effect of the Growth Temperature on the Diameter Distribution and Chirality of Single-
Wall Carbon Nanotubes. Phys. Rev. Lett. 1998, 80, 3779.
(17) Donovan, K.; Scott, K. Anomalous Effective Hydrodynamic Radius of Octadecylamine
Functionalised Single Walled Carbon Nanotubes. Carbon 2012, 50, 3807–3815.
(18) Venema, L. C.; Meunier, V.; Lambin, P.; Dekker, C. Atomic Structure of Carbon
Nanotubes From Scanning Tunneling Microscopy. Phys. Rev. B 2000, 61, 2991.
21
(19) Donovan, K.; Scott, K. Anomalous Intrinsic Viscosity of Octadecylamine-Functionalised
Carbon Nanotubes in Suspension. J. Chem. Phys. 2013, 138, 244902.
(20) Niyogi, S.; Hamon, M. A.; Hu, H.; Zhao, B.; Bhowmik, P.; Sen, R.; Itkis, M. E.;
Haddon, R. C. Chemistry of Single-Walled Carbon Nanotubes. Acc. Chem. Res. 2002,
35, 1105–1113.
(21) Chen, J.; Hamon, M. A.; Hu, H.; Chen, Y.; Rao, A. M.; Eklund, P. C.; Haddon, R. C.
Solution Properties of Single-Walled Carbon Nanotubes. Science 1998, 282, 95–98.
(22) Itkis, M. E.; Perea, D. E.; Niyogi, S.; Rickard, S. M.; Hamon, M. A.; Hu, H.; Zhao, B.;
Haddon, R. C. Purity Evaluation of As-Prepared Single-Walled Carbon Nanotube Soot
by Use of Solution-Phase Near-IR Spectroscopy. Nano Lett. 2003, 3, 309–314.
(23) Maultzsch, J.; Telg, H.; Reich, S.; Thomsen, C. Radial Breathing Mode of Single-Walled
Carbon Nanotubes: Optical Transition Energies and Chiral-Index Assignment. Phys.
Rev. B 2005, 72, 205438.
(24) Mao, H. K.; Xu, J.; Bell, P. M. Calibration of the Ruby Pressure Gauge to 800 kbar
Under Quasi-Hydrostatic Conditions. J. Geophys. Res. Solid Earth 1986, 91, 4673–
4676.
(25) Caillier, C.; Machon, D.; San-Miguel, A.; Arenal, R.; Montagnac, G.; Cardon, H.;
Kalbac, M.; Zukalova, M.; Kavan, L. Probing High-Pressure Properties of Single-Wall
Carbon Nanotubes Through Fullerene Encapsulation. Phys. Rev. B 2008, 7, 125418.
(26) Aguiar, A. L.; Capaz, R. B.; Filho, A. G. S.; San-Miguel, A. Structural and Phonon
Properties of Bundled Single- and Double-Wall Carbon Nanotubes Under Pressure. J.
Phys. Chem. C 2012, 116, 22637–22645.
(27) Sabharwal, R.; Huang, Y.; Song, Y. High-Pressure Induced Conformational and Phase
22
Transformations of 1,2-Dichloroethane Probed by Raman Spectroscopy. J. Phys. Chem.
B 2007, 111, 7267–7273.
(28) Dziubek, K. F.; Katrusiak, A. Polar Symmetry in New High-Pressure Phases of Chlo-
roform and Bromoform. J. Phys. Chem. B 2008, 112, 12001–12009.
(29) Hubel, H.; Faux, D. A.; Jones, R. B.; Dunstan, D. J. Solvation Pressure in Chloroform.
J. Chem. Phys. 2006, 124, 204506.
(30) Schroeder, J.; Schiemann, V. H.; Jonas, J. Raman Study of Molecular Reorientation in
Liquid Chloroform and Chloroform-d Under High Pressure. J. Chem. Phys. 1978, 69,
5479.
(31) Brown, S. D. M.; Jorio, A.; Dresselhaus, M. S.; Dresselhaus, G. Observations of the
D-Band Feature in the Raman Spectra of Carbon Nanotubes. Phys. Rev. B 2001, 64,
073403.
(32) Fletcher, W. H.; Rayside, J. S. High Resolution Vibrational Raman Spectrum of Oxy-
gen. J. Raman Spectrosc. 1974, 2, 3–14.
(33) Gorelli, F. A.; Santoro, M. High-Pressure Antiferromagnetic Phases of Solid Oxygen.
J. Raman Spectrosc. 2003, 34, 549–556.
(34) Kreutz, J.; Serdyukov, A.; Jodl, H. J. Raman Spectroscopic Investigations of the An-
tiferromagnetic α Phase of Solid Oxygen at Low Pressure (Up to 1.25 GPa). J. Phys.
Condens. Matter 2004, 16, 6415–6430.
(35) Akahama, Y.; Kawamura, H. Raman Spectroscopy on High-Pressure Fluids of Molec-
ular Oxygen and Nitrogen. Chem. Phys. Lett. 2004, 499, 326–330.
(36) Freire, P. T. C.; Lemos, V.; Jr., J. A. L.; Saraiva, G. D.; Pizani, P. S.; Nascimento, R. O.;
Ricardo, N. M. P. S.; Filho, J. M.; Filho, A. G. S. Pressure Effects on Surfactant
Solubilized Single-Wall Carbon Nanotubes. Phys. Status Solidi B 2007, 244, 105–109.
23
(37) Aguiar, A. L.; Barros, E. B.; Capaz, R. B.; Filho, A. G. S.; Freire, P. T. C.; Filho, J. M.;
Machon, D.; Caillier, C.; Kim, Y. A.; Muramatsu, H. et al. Pressure-Induced Collapse
in Double-Walled Carbon Nanotubes: Chemical and Mechanical Screening Effects. J.
Phys. Chem. C 2011, 115, 5378–5384.
(38) Puech, P.; Hubel, H.; Dunstan, D. J.; Bacsa, R. R.; Laurent, C.; Bacsa, W. S. Discon-
tinuous Tangential Stress in Double Wall Carbon Nanotubes. Phys. Rev. Lett. 2004,
93, 095506.
(39) Aguiar, A. L.; San-Miguel, A.; Barros, E. B.; Kalbac, M.; Machon, D.; Kim, Y. A.;
Muramatsu, H.; Endo, M.; Filho, A. G. S. Effects of Intercalation and Inhomogeneous
Filling on the Collapse Pressure of Double-Wall Carbon Nanotubes. Phys. Rev. B 2012,
86, 195410.
(40) Alencar, R. S.; Aguiar, A. L.; Paschoal, A. R.; Freire, P. T. C.; Kim, Y. A.; Mura-
matsu, H.; Endo, M.; Terrones, H.; Terrones, M.; San-Miguel, A. et al. Pressure-Induced
Selectivity for Probing Inner Tubes in Double- and Triple-Walled Carbon Nanotubes:
A Resonance Raman Study. J. Phys. Chem. C 2014, 118, 8153–8158.
(41) Longhurst, M. J.; Quirke, N. The Environmental Effect on the Radial Breathing Mode
of Carbon Nanotubes. II. Shell Model Approximation for Internally and Externally
Adsorbed Fluids. J. Chem. Phys. 2006, 125, 184705.
(42) Longhurst, M. J.; Quirke, N. Pressure Dependence of the Radial Breathing Mode of
Carbon Nanotubes: The Effect of Fluid Adsorption. Phys. Rev. Lett. 2007, 98, 145503.
(43) Walther, J. H.; Jaffe, R.; Halicioglu, T.; Koumoutsakos, P. Carbon Nanotubes in Water:
Structural Characteristics and Energetics. J. Phys. Chem. B 2001, 105, 9980–9987.
(44) Haddon, R. C. pi-Electrons in Three Dimensions. Acc. Chem. Res. 1988, 21, 243–249.
24
(45) Hamon, M. A.; Itkis, M. E.; Niyogi, S.; Alvaraez, T.; Kuper, C.; Menon, M.; Had-
don, R. C. Effect of Rehybridization on the Electronic Structure of Single-Walled Car-
bon Nanotubes. J. Am. Chem. Soc. 2001, 123, 11292–11293.
(46) Sun, Y. W.; Holec, D.; Dunstan, D. J. Graphite Under Uniaxial Compression Along
the c Axis: A Parameter to Relate out-of-Plane Strain to in-Plane Phonon Frequency.
Phys. Rev. B 2015, 92, 094108.
(47) Cambre, S.; Schoeters, B.; Luyckx, S.; Goovaerts, E.; Wenseleers, W. Experimental
Observation of Single-File Water Filling of Thin Single-Wall Carbon Nanotubes Down
to Chiral Index (5,3). Phys. Rev. Lett. 2010, 104, 207401.
25
Graphical TOC Entry
0 . 0 0 . 5 1 . 0 1 . 5 2 . 0 2 . 5 3 . 0
1 5 9 0
1 6 0 0
1 6 1 0
  G M  p r e s s u r e  c o e f f i i c e n tb u n d l e d i n d i v i d u a lD C E     6 . 6  ( 0 . 7 )  1 3 . 8  ( 0 . 6 )c h l        7 . 1  ( 0 . 3 )  1 0 . 2  ( 1 . 3 )
GM
 freq
uen
cy (
cm-1
)
P r e s s u r e  ( G P a )
26
